. However, because Sr 2ϩ transport is less efficient than Ca 2ϩ transport in both organs, Ca 2ϩ intestinal absorption and tubular reabsorption are underestimated when assessed using Sr 2ϩ (10, 11 ) . The oral Sr 2ϩ load test, which takes 4 h, allows evaluation of the ion absorption in the duodenum, jejunum, and the first ileum segment and analysis of the initial part of ion urinary excretion, which continues for several days after the oral load (13) (14) (15) .
1
Calcium excretion and absorption were evaluated in hypercalciuric calcium stone formers by the study of Sr 2؉ excretion and absorption after an oral load. Ca 2؉ stone formers (n ‫؍‬ 140) were studied, and the results were compared in the 83 of them who had idiopathic hypercalciuria and in the 57 who had Ca 2؉ excretion within reference values. Hypercalciuric patients showed increased renal Sr 2؉ clearance (CR E ; 5.26 ؎ 0.358 vs 3.29 ؎ 0.277 mL/min; P <0.001), whereas Sr 2؉ absorption [assessed as the area under the serum concentration-time curve (AUC)] was increased at 30 and 60 min (1.53 ؎ 0.087 vs 1.21 ؎ 0.071 mmol ⅐ L ؊1 ⅐ min; P <0.05), but not at 240 min after the load. In hypercalciuric patients, the AUCs were positively correlated with urinary Sr 2؉ fractional excretion (P <0.001). Conversely, in normocalciuric patients plasma parathyroid hormone (PTH) was negatively correlated with the AUCs (P <0.01) and CR E (P <0.05), whereas 1,25-dihydroxyvitamin D plasma concentrations normalized to PTH were positively correlated with the AUCs (P <0.05). The results of Sr 2؉ load tests suggest that in the hypercalciuric population, Ca 2؉ absorption is altered predominantly in the duodenum and that the normal regulation exerted by calciotropic hormones on tubular and enteral Ca 2؉ handling is lost.
Idiopathic hypercalciuria is a familial disorder clinically associated with kidney stone production and reduced bone mineral content (1) (2) (3) . An increase of intestinal Ca 2ϩ absorption and a reduction of tubular Ca 2ϩ reabsorption are involved in the development of the disorder (4 -8 ) ; however, their primary or secondary roles are difficult to define because of complex variable interrelationships. In addition, technical difficulties and possible hazards related to the use of Ca 2ϩ isotopes have hampered the extensive study of enteral and tubular Ca 2ϩ handling and the possibility to gain additional insight into the mechanisms leading to hypercalciuria. The increase of enteral Ca 2ϩ absorption is considered the most common cause of idiopathic hypercalciuria (4, 5 ) (7, 8 ) . Because Sr 2ϩ ions are handled in intestinal mucosa and kidney tubule by the same transport systems as Ca 2ϩ ions (9, 10 ) , intestinal Ca ϩ absorption and excretion can be analyzed using stable Sr 2ϩ as a marker (11, 12 ) . However, because Sr 2ϩ transport is less efficient than Ca 2ϩ transport in both organs, Ca 2ϩ intestinal absorption and tubular reabsorption are underestimated when assessed using Sr 2ϩ (10, 11 ) . The oral Sr 2ϩ load test, which takes 4 h, allows evaluation of the ion absorption in the duodenum, jejunum, and the first ileum segment and analysis of the initial part of ion urinary excretion, which continues for several days after the oral load (13) (14) (15) .
Intestinal Sr 2ϩ absorption was found to be well correlated with Ca 2ϩ absorption (14 ) and appeared to be modulated by calciotropic hormones, similar to Ca 2ϩ (15) (16) (17) . In keeping with the current knowledge about 
Subjects and Methods subjects
Patients with idiopathic Ca 2ϩ-oxalate nephrolithiasis (n ϭ 140) were admitted to the study. Results obtained in 83 patients with idiopathic hypercalciuria [50 men and 33 women; weight, 68 Ϯ 1.4 kg (73 Ϯ 1.6 in men and 61 Ϯ 2.0 in women); age, 46 Ϯ 1.4 years] were compared with those obtained in 57 normocalciuric patients [30 men and 27 women; weight 68 Ϯ 1.5 kg (76 Ϯ 1.6 in men and 59 Ϯ 1.5 in women); age, 43 Ϯ 1.9 years]. Among the normocalciuric patients, 20 were studied for the first time, whereas 37 had participated to a previous study (15 ) and were included in this work because they had been submitted to the bone mineral density (BMD) determination. A normocalciuric patient with abnormally high urine Sr 2ϩ clearance compared with the other normocalciuric subjects was not included in the study, as described previously (15 ) . Patients were considered hypercalciuric when the 24-h Ca 2ϩ excretion was Ͼ7.5 mmol in men or 6.25 mmol in women or Ͼ0.1 mmol/kg of body weight for both sexes. All patients were studied after 8 days on a diet containing ϳ25 mmol of Ca 2ϩ per day, obtained by adjusting dairy product intake. Their plasma concentrations of Ca 2ϩ , phosphate, and creatinine were within the appropriate health-related reference intervals. They did not have diseases except kidney stones and did not take drugs. None had voiding difficulties. Among the women, 16 hypercalciuric (48 -67 years of age) and 4 normocalciuric (51-65 years of age) subjects were postmenopausal, but none had been in therapy with antiosteoporotic drugs. They all gave informed consent for the study, which was approved by the San Raffaele Hospital Ethics Committee.
experimental protocol
The oral Sr 2ϩ load test was performed as described previously (15 
production (19 ).
The Sr 2ϩ concentration was measured by atomic absorption spectrophotometry at 460.7 nm (Perkin-Elmer 4000), using acetylene-air flame in 10-fold diluted serum and 50-fold diluted urine with 2 g/L lanthanum and 10 mL/L hydrochloric acid as the diluent.
BMD was assessed by dual energy x-ray absorptiometry (Hologic QDR 1000 or 4500W) at three femoral sites (the neck, the trochanter, and the Ward triangle) and L 1 -L 4 lumbar spine vertebrae. The BMD values were expressed as the number of SD from the mean of a healthy young Caucasian population (t-score). Patients having t-scores lower than Ϫ2.5 were defined as osteoporotic; patients with t-score greater than Ϫ2.5 were defined as conventionally "normal", although this limit includes osteopenic patients with t-scores between Ϫ2.5 and Ϫ1. The coefficients of variation (CVs) for the instruments were calculated daily by quality-control scans of the spine phantom and were Ͻ0.5%. 
Results
The hypercalciuric stone formers differed from the normocalciuric patients in their urinary excretion of Ca 2ϩ , Na ϩ , and phosphate; the plasma concentrations of electrolytes and calciotropic hormones were within healthrelated reference intervals; their BMD values were not significantly low at the sites investigated (Table 1) . Twenty-two (26.5%) hypercalciuric and 15 (26.3%) normocalciuric patients (P Ͼ0.05) were osteoporotic, having t-scores below Ϫ2.5 at least at one of the sites studied. The distribution of patient age could justify the high frequency of osteoporosis in the two populations: 36.1% of hypercalciuric patients (age range, 21-79 years) and 36.1% of normocalciuric patients (age range, 21-72 years) were Ͼ50.
The results of the oral Sr 2ϩ load test show a different Sr 2ϩ absorption kinetic curve in the two patient groups (Fig. 1) . The values of AUC 30 and AUC 60 were significantly higher in hypercalciuric patients, whereas the AUC 240 increase was not significant (Table 2 ). These findings indicate that absorption was faster in hypercalciuric patients; however, both patient groups reached similar maximal absorption values. The values of FE and CR E were significantly greater in hypercalciuric patients (Table 2) , suggesting low ion reabsorption in the kidney tubules.
In hypercalciuric patients, FE was positively correlated with AUC 30 (r ϭ 0.356; P Ͻ0.001), AUC 60 (r ϭ 0.432; P Ͻ0.001), and AUC 240 (r ϭ 0.472; P Ͻ0.001). The 24-h Ca 2ϩ urine excretion was positively correlated with AUC 60 (r ϭ 0.237; P Ͻ0.05), but not with the AUC 30 , AUC 240 , CR E , or FE. A negative correlation was found between CR E and Fig. 1 . Concentration-time curves of serum Sr 2ϩ after an oral load in hypercalciuric (E) and normocalciuric (F) Ca 2ϩ stone formers.
Curves were significantly different (ANOVA for repeated measures; P Ͻ0.005). Serum Sr 2ϩ concentrations were increased in hypercalciuric patients 30 and 60 min after the oral load (Mann-Whitney U-test; P Ͻ0.05).
Fig. 2. Correlation between urinary Sr
2ϩ FE and enteral Sr 2ϩ absorption 240 min after the oral load, considering all hypercalciuric (E) and normocalciuric (F) patients. (Table 3 ). All these correlations were not detected in normocalciuric patients, where other kinds of relationships were observed. AUC values correlated with calciotropic hormones plasma concentrations: PTH was negatively correlated with AUC 30 (r ϭ Ϫ0.383; P Ͻ0.005), AUC 60 (r ϭ Ϫ0.384; P Ͻ0.005), AUC 240 (r ϭ Ϫ0.367; P Ͻ0.01), FE (r ϭ Ϫ0.410; P Ͻ0.005) and CR E (r ϭ Ϫ0.318; P Ͻ0.05). The calculated values of 1,25(OH) 2 D 3 /PTH were positively correlated with AUC 30 (n ϭ 27; r ϭ 0.429; P Ͻ0.05), AUC 60 (n ϭ 27; r ϭ 0.413; P Ͻ0.05), and FE (n ϭ 27; r ϭ 0.438; P Ͻ0.05), but not with AUC 240 or CR E (Table 3) .
In both patient groups, CR E did not correlate with the AUCs, and BMD was not related with test results.
When all patients were considered as a whole, the Ca 2ϩ urine excretion was positively correlated with AUC 30 (r ϭ 0.244; P Ͻ0.005), AUC 60 (r ϭ 0.284; P Ͻ0.001), AUC 240 (r ϭ 0.216; P Ͻ0.01), and CR E (r ϭ 0.205; P Ͻ0.05); FE was correlated with AUC 30 (r ϭ 0.352; P Ͻ0.001), AUC 60 (r ϭ 0.423; P Ͻ0.001), and AUC 240 (r ϭ 0.453; P Ͻ0.001; Fig. 2) . CR E was negatively correlated with plasma concentrations of 1,25(OH) 2 D 3 (r ϭ Ϫ0.283; P Ͻ0.05).
Discussion
The present work evaluates Ca 2ϩ absorption and renal excretion in hypercalciuric stone formers, using stable Sr 2ϩ as a marker. Results in the control group of normocalciuric stone formers suggest that Sr 2ϩ intestinal absorption is modulated by calciotropic hormones because it was negatively correlated with plasma PTH and positively correlated with plasma 1,25(OH) 2 D 3 normalized to PTH concentrations (15) (16) (17) (18) . Accordingly, the negative correlation between CR E and plasma PTH in normocalciuric subjects suggests that tubular Sr 2ϩ reabsorption also is regulated by PTH (15 ) . These correlations were not observed in hypercalciuric patients, who had increased mean values of Sr 2ϩ absorption and renal clearance, in agreement with our knowledge of Ca 2ϩ metabolism in idiopathic hypercalciuria (4 -7, 19, 20 ) . In addition, although Sr 2ϩ clearance was independent of intestinal absorption in both stone-former groups, the correlation between intestinal Sr 2ϩ absorption and FE suggests that in hypercalciuric patients, Sr 2ϩ excretion is strictly linked to the amount of absorbed ions. This link is also confirmed by the correlation between Sr 2ϩ absorption and Ca 2ϩ excretion, which was not observed in normocalciuric patients. These findings are in agreement with the hypothesis of increased body Ca 2ϩ turnover in hypercalciuric patients (20 ) .
The kinetic analysis of the orally administered Sr 2ϩ recognizes two different sites for enteral absorption during the Sr 2ϩ absorption test: the first located in the duodenum, the second located in the jejunum and the initial ileum segment (13, 17, 21 ) . Duodenal absorption is mostly active because of the presence of a pump characterized by high affinity for Ca 2ϩ ions and situated in the enterocyte basolateral plasma membrane (22 ) . Distally to the duodenum, Ca 2ϩ absorption is mostly sustained by nonactive systems, which are less efficient than duodenal mechanisms (22 ) . The significant increase of ion absorption observed 30 and 60 min after the oral load indicates that the most remarkable alteration in hypercalciuric patients concerns the velocity of Ca 2ϩ absorption in the duodenum. It could be caused by the increase of the high-affinity Ca 2ϩ pump activity in enterocytes. The defect of this carrier was observed in erythrocytes from patients with idiopathic hypercalciuria where membrane (Ca 2ϩ -Mg 2ϩ )ATPase activity was increased (1 ). Alternatively, these results could be explained by faster gastric emptying, but no data showing a disorder of gastric motility in hypercalciuric patients are available. The lack of a significant difference after 240 min suggests that distally to the duodenum, Ca 2ϩ absorption is similar in hypercalciuric and normocalciuric patients. However, difficulties in finding absorption differences may be attributed to the shortness of the explored enteral segment, to the low efficiency of postduodenal transport systems, and to the underestimation of Ca 2ϩ absorption when Sr 2ϩ is used.
Although the high CR E and excretion reflect the reduction of tubular Ca 2ϩ reabsorption in hypercalciuric patients, renal Sr 2ϩ excretion was correlated with 24-h urinary Ca 2ϩ excretion only when both groups of stone formers were considered. This indicates that estimates of CR E based on the 4-h observation period are not good indicators of tubular Ca 2ϩ handling. The reasons for this inadequacy may be the short period of urine collection during the test (17, 23 ) ; the low efficiency of Sr 2ϩ tubular reabsorption, which leads to overestimation of Ca 2ϩ excretion (11, 12 ) ; and the binding of Sr 2ϩ ions to plasma proteins, which affects the fraction of filtered ions and renal clearance calculation. In addition, some unknown differences in tubular handling of the two ions may exist. However, it must be pointed out that previous experiences, which showed that Ca 2ϩ excretion in 24-h urine and after an oral load were not correlated (24 ) , indicate that the capacity to excrete an acute ion load may not depend on factors involved in the 24-h urinary Ca 2ϩ excretion and would not necessarily be related to the amount of ions excreted in 24-h urine.
In conclusion, the results of the oral Sr 2ϩ load test suggest that Ca 2ϩ absorption is increased in the duodenum of idiopathic hypercalciuric bone formers. The results also suggest that 4-h CR E can not give a careful assessment of the Ca 2ϩ tubular handling. Finally, in hypercalciuric patients, the physiological control exerted by calciotropic hormones on tubular and enteral transport of Ca 2ϩ ions, which is evidenced in normocalciuric patients, appears to be lost.
